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The polarity origin of the bipolar resistance switching behaviors in metal/ La 0. 7 Electric-field induced resistance switching has been widely studied in recent years due to its potential application in nonvolatile memory. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] This physical phenomenon can be classified into two types. One type is bipolar resistance switching ͑BRS͒. It requires the bias voltages with different polarities for the resistance increase and decrease. The other type is unipolar resistance switching, in which resistance switching can occur by applying the bias voltages with arbitrary polarity. Although various models, such as Schottky-like barrier, 2, 3 electrochemical migration of oxygen, 4, 5 trap controlled space-charge-limited current ͑TC-SCLC͒, 6 oxidation/reduction reaction, [7] [8] [9] [10] [11] and rupture/ formation of conducting filaments 12 have been proposed to explain the BRS behaviors, the essential mechanism of BRS effect has not yet been clarified. For BRS, an important question about the switching mechanism is the physical origin of the switching polarity. We note that, for the same film, such as Pr 0.7 Ca 0.3 MnO 3 , La 0.7 Ca 0.3 MnO 3 ͑LCMO͒, the BRS polarity also changes with different electrodes. [13] [14] [15] [16] [17] [18] When a noble electrode, such as Ag, Au or Pt, is chosen as electrode, negative BRS is usually observed. In this case, the resistance decreases by applying positive voltage ͑defined as the current flows into the manganite film through the top electrode and out from the bottom electrode͒ and increases by applying negative voltage. 1, [13] [14] [15] In contrast, when an active metal like Al or Ti is used as top electrode, positive BRS is usually observed, in which the resistance increases ͑decreases͒ by applying positive ͑negative͒ voltage. 2, 7, 16 In our previous report, these two kinds of polarity have also been obtained in one film by choosing different top electrode or modulating the structure of the metal/manganites interface. 17, 18 These results actually imply that there are different resistance switching mechanisms for the same material with different electrode/material interface structures. Based on this consideration, we performed a systematic study on the effect of top electrodes on the BRS polarity in the metal/LCMO/Pt junctions and two different resistance switching mechanisms were discussed.
The 200 nm thick LCMO films were deposited on the Pt/ Ti/ SiO 2 / Si substrates at 650°C under 1.5 Pa of oxygen partial pressure by the pulse laser deposition system. The x-ray diffraction ͑XRD͒ spectrum shows the as-prepared LCMO film is polycrystalline. However, the intensities of the diffraction peaks are very low, indicating that the film has low crystallinity, see Ref. 19 for XRD of the LCMO film. The 50 nm thick top electrodes M ͑M = Pt, Ag, Cu, Ti, Al, and W͒ and 10 nm thick Pt cover layers with diameter of 50 m were subsequently prepared at room temperature through lift-off process. All of the electrodes were grown on one LCMO film to eliminate the influence of film-to-film variations. The chemical compositions of M / LCMO interfaces were examined by Auger electron spectroscopy ͑AES͒. The etch depth of each level is 3 nm. All the current-voltage ͑I-V͒ characteristics and resistance switching behaviors were performed with the standard two-wire method at room temperature. Figure 1 shows the typical I-V characteristics of the M / LCMO/ Pt junctions. As seen from the figure, the junctions for M = Pt, Ag and Cu show negative BRS. However, the junctions for M = W, Ti and Al show positive BRS. The switching polarity obtained by applying electric pulses is the same as that of the I-V characteristics, taking the junctions for M = Ag and Al as examples, as shown in the insets of Figs. 1͑a͒ and 1͑b͒, respectively. It should be noted that the pulse duration for the positive BRS ͑as 5 ms for Al layered structure͒ is generally longer than that for negative BRS ͑as 300 ns for Ag layered structure͒.
In order to find the influencing factor of the top electrode on the switching polarity, the I-V curves of the junctions have been analyzed in detail. The I-V cures at high resistance state ͑HRS͒ before the switching threshold voltage ͑V th ͒ can be described by a simple equation of I͑V͒ = aV + bV n , where a, b, and n are constants to be determined. 20 As previously reported, shallow traps controlled SCLC can give raise to the I ϰ V 2 relation, and the slope of I ϰ V 2 represents the amount of injected charge that contribute to the electrical current. 6 That is to say, b is reversely proportional to the trap density at the M / LCMO interface. 21 So, both the resistance values and traps density at the interfaces are related to the ⌬G of the M oxides.
Due to lack of the ⌬G for LCMO films, some researchers use the ⌬G of oxygen vacancy ͑V O •• ͒ in perovskite oxides to discuss the possibility of the M oxide formation. The ⌬G
•• is suggested in the range of ϳ−500 to −700 kJ/ mol. 7, 22 As shown in Fig. 2 , if the ⌬G of the M oxide is lower than that of V O •• , which means the M oxide layer can form at the M / LCMO interface, 23 the junction shows positive BRS, otherwise the junction shows negative BRS. The previous reported BRS polarities of the junctions for M = Sm, 8 Ta, 9 Au, 13, 14 and In ͑Ref. 17͒ are also consistent with this conclusion regardless the values of a and b due to different films have been used in references, as depicted in Fig. 2 . In order to verify this conclusion, the compositions of the original Ti/LCMO and Ag/LCMO interfaces have been measured by AES and shown in Fig. 3 . As expected, a TiO x layer is obviously observed at the Ti/LCMO interface ͓see Fig. 3͑a͔͒ , but an obvious AgO x layer does not appear ͓see Fig. 3͑b͔͒ . Therefore, it is verified that the ⌬G is the crucial factor of the BRS polarity. Generally, the lower the ⌬G is, the denser or thicker insulating M oxide layer will form and a resultant oxygen-deficient layer with higher content of V O •• ͑main traps͒ at surface of the LCMO film will form at the same time. 4, 6 So, it is easily to understand the phenomenon that the lower the ⌬G is, the lower a and b are observed.
For the positive BRS, the insulating M oxides determine the resistance of the junctions due to the low intrinsic resistance of LCMO film and LCMO/Pt interfaces. 2 The electrochemical migration of oxygen and resultant redox reaction of the M oxide layer is proposed to control the BRS effect. [7] [8] [9] When the positive voltage is applied, O 2− moves toward the M oxide layer. The oxidation degree of the M oxide layer increases due to the reaction between the electrode and O 2− , resulting in HRS. When a negative bias is applied, the reduction reaction occurs, resulting in low resistance state ͑LRS͒, as shown in the inset of Fig. 3͑a͒ . In order to verify the redox reaction occurring during the positive BRS process, the chemical states of Ti/LCMO interfaces at HRS and LRS have been measured by AES, as shown in Fig. 4 . The depth level of 60.5 nm indicates the LCMO surface due to the stable La spectra appearing in the following levels, as shown in the right side of Figs. 4͑a͒ and 4͑b͒ . Comparing the secondary peaks of Ti ͑at ϳ418 eV͒ at the interface, especially at depth of 60.5 nm, more metal Ti exists at the Ti/LCMO interface at LRS than that at HRS. The similar difference between HRS and LRS has been observed at the Al/LCMO interface, see Ref. 19 for the elements atomic percent at the Ti/LCMO interface ͑Table S2͒ and the Al/LCMO interface ͑Table S3͒. These results directly verify the redox reaction of M oxide layer occurring during the positive BRS process. As expected, the redox reaction has not been observed during the negative BRS process, see Ref. 19 for the AES spectra of the Ag layered structure ͑Fig. S3͒. For the negative BRS, the junction resistance mainly comes from the naturally formed oxygen-deficient layer at the LCMO surface. 4 As previously reported, the traps located at the oxygen-deficient layer are mainly V O •• and control the carrier transfer process, which results in the TC-SCLC process, as shown in the inset of Fig. 2 . 6, 18 In this instance, the electrochemical migration of oxygen between the bulk layer and the oxygen-deficient layer may contribute to the BRS effect, as shown in the inset of Fig. 3͑b͒ . The concentration of oxygen vacancy reduces ͑increases͒ caused by the oxygen ions moving toward ͑backward͒ the oxygen-deficient layer when the positive ͑negative͒ bias is applied, resulting in LRS ͑HRS͒. That is to say, the generation/annihilation process of the oxygen vacancy at the oxygen-deficient layer results in the negative BRS. 24 Based on the above analysis, it is reasonable to assume that the redox reaction occurring at positive BRS effects is much slower than the oxygen migration at negative BRS effects. This may be the reason that the pulse duration for the positive BRS is longer than that for the negative BRS, as shown in the insets of Fig. 1 . In addition, our experimental results reveal that the top electrode plays much more important role in the switching polarity than the bottom electrode of Pt. This may be ascribed to the inhomogeneous distribution of composition or structure in the LCMO film, which will require further investigation.
In summary, the polarity origin has been discussed based on the investigation of BRS effects in junctions with various top electrodes. We find that the ⌬G of the top electrode oxide determines the switching polarity. It has been verified that the redox reaction of the top electrode oxide layer at the M / LCMO interface results in the positive BRS. Meanwhile, the generation/annihilation process of the oxygen vacancy located at the oxygen-deficient layer at the M / LCMO interface may contribute to the negative BRS effect. The present work also suggests a possible way to control the resistance switching polarity by the interface engineering. 
